Mitochondria accumulate at neuronal and immunological synapses [1, 2] and yeast bud tips [3] and associate with the ER during phospholipid biosynthesis, calcium homeostasis, and mitochondrial fission [4, 5] . Here we show that mitochondria are associated with cortical ER (cER) sheets [6, 7] underlying the plasma membrane in the bud tip and confirm that a deletion in YPT11, which inhibits cER accumulation in the bud tip [8] , also inhibits bud tip anchorage of mitochondria [9] . Time-lapse imaging reveals that mitochondria are anchored at specific sites in the bud tip. Mmr1p, a member of the DSL1 family of tethering proteins, localizes to punctate structures on opposing surfaces of mitochondria and cER sheets underlying the bud tip and is recovered with isolated mitochondria and ER. Deletion of MMR1 impairs bud tip anchorage of mitochondria without affecting mitochondrial velocity or cER distribution. Deletion of the phosphatase PTC1 results in increased Mmr1p phosphorylation, mislocalization of Mmr1p, defects in association of Mmr1p with mitochondria and ER, and defects in bud tip anchorage of mitochondria. These findings indicate that Mmr1p contributes to mitochondrial inheritance as a mediator of anchorage of mitochondria to cER sheets in the yeast bud tip and that Ptc1p regulates Mmr1p phosphorylation, localization, and function.
Results and Discussion

A Role for Cortical Endoplasmic Reticulum in Anchorage of Mitochondria in the Bud Tip
In budding yeast, mitochondria must be transported to and retained in the bud tip for mitochondrial quantity and quality control during inheritance and for control of daughter cell life span [3, 10] . We obtained evidence that mitochondria are anchored to endoplasmic reticulum (ER) in the yeast bud tip.
By electron microscopy (EM), cortical ER (cER) is resolved as flattened sacs underlying 28% 6 5% of the plasma membrane ( Figure 1A ). Of mitochondrial profiles at the cell cortex by EM, 92% are closely apposed to or are contacting cER. Thus, apposition of mitochondria to cER occurs 3.3-fold more frequently than would be expected by chance based on the coverage of plasma membrane perimeter by ER. In the bud tip, 71% of mitochondria are in close proximity to cER.
In the image shown, a mitochondrion that is closely apposed to cER in the bud tip is deformed into a thin tubular extension from its point of contact with cER ( Figure 1A , arrowhead), implying tension at the point of contact. In such cases, it is clear that mitochondria are not just in close proximity to but are physically associated with cER. These findings indicate that mitochondria could accumulate in the bud tip by binding not to the plasma membrane but rather to cER.
cER forms tubules and sheets [11] . Superresolution structured illumination microscopy (SIM) reveals mitochondria that are not associated with ER near the bud neck and in the center of the mother cell. SIM also reveals that mitochondria are closely apposed to cER sheets in the bud tip ( Figure 1B ).
There is also a functional link between mitochondria and cER in the bud tip. Ypt11p is a Rab-like protein that localizes to cER in the bud and is required for localization of cER at that site [8] . Deletion of YPT11 has no obvious effect on cER morphology (see Figure S1 available online). We and others have described defects in accumulation of ER and mitochondria in ypt11D mutants [8, 9, 12] . Here, we directly show defects in both ER and mitochondrial accumulation in the tips of the same small buds ( Figures 1C-1E ). Reduced bud tip accumulation of ER is observed in buds of all sizes in ypt11D cells. In contrast, only small buds of ypt11D cells show defective accumulation of mitochondria. The greater severity of the effect on cER suggests that the ER effect is primary. In addition, these results indicate that the absolute amount of ER is not the only factor determining mitochondrial accumulation, because the mitochondrial accumulation occurs in medium-and large-sized buds of ypt11D cells. We suggest that the ER contains a limited number of binding sites for mitochondria and that once a sufficient amount of ER is transferred to the bud tip, mitochondria will then be able to accumulate to the same degree as in wild-type (WT) cells.
A Role for Mmr1p in Accumulation of Mitochondria in the Bud Tip Myo2p, a type V myosin, drives movement of numerous cargos from mother cells to buds using actin cables as tracks [13] . Mutation of MYO2 also results in defects in mitochondrial distribution [9, 12, 14, 15] . Indeed, Myo2p that is targeted to mitochondria as an artificial fusion protein can promote mitochondrial motility [16] . Nonetheless, mutations in MYO2 that block or severely impair its force-generating function inhibit anchorage of mitochondria in the bud tip but have no effect on the velocity or frequency of mitochondrial motility [12, 16] . Myo2p also does not play a direct role in retention of mitochondria in the bud tip [12] . Thus, although it is clear that Myo2p has some role in mitochondrial distribution, the mechanism underlying this process is not well understood.
The protein Mmr1p binds to the Myo2p tail, is required for normal mitochondrial distribution, is recovered with isolated yeast mitochondria, and colocalizes with mitochondria in the bud [14, 17] . These findings raise the possibility that Mmr1p is a Myo2p receptor on mitochondria. However, evidence indicates that Mmr1p functions in the bud tip, and not in the mother cell where mitochondria are highly motile. Specifically, MMR1 mRNA localizes to the bud tip and is transported there using the She2p/She3p/Myo4p complex [18] . Moreover, MMR1 protein undergoes Myo2p-dependent localization to the bud tip [14] .
We confirm that mmr1D cells have defects in mitochondrial distribution and inheritance ( Figure 2A ; Figure S2 ). The greatest defect in mitochondrial distribution in mmr1D cells is a defect in accumulation of mitochondria in the bud tip (Figure 2B) . Mitochondria in mmr1D cells also exhibit an abnormal accumulation in the tip of the mother cell distal to the bud. Because expression of plasmid-borne WT MMR1 in mmr1D cells restores normal mitochondrial distribution, the bud tip accumulation defect observed in mitochondria of mmr1D cells is due to loss of Mmr1p.
Role for Mmr1p in Anchorage of Mitochondria in the Bud Tip In WT cells, bud tip mitochondria are resolved as dynamic clusters that move arbitrarily but remain associated with a limited number of sites at the bud cortex throughout a 3 min imaging period ( Figure 2C ). We find that deletion of MMR1 results in defects in anchorage of mitochondria in the yeast bud tip. Mitochondria in the bud tip of mmr1D cells do not remain associated with sites at the bud cortex or exhibit random movement during the 3 min time course of imaging. Instead, they align along the mother-bud axis and oscillate to and from the bud tip ( Figure 2C ).
The velocities of anterograde and retrograde movement in both the mother cell and bud are similar in WT cells, mmr1D cells, and mmr1D cells expressing plasmid-borne MMR1 (Figure 2D) . Thus, Mmr1p, like Myo2p, is not required for normal mitochondrial motility in the mother cell or bud. Deletion of MMR1 also has no obvious effect on mitochondrial morphology or on cER ultrastructure or abundance in the bud (Figure S1 ). However, the balance of anterograde and retrograde movement in the bud tip is altered in mmr1D cells ( Figure 2E ). In WT cells and mmr1D cells expressing WT MMR1, the ratio of anterograde to retrograde movement in the bud is w65:35. Thus, for every two mitochondria that undergo anterograde movement into the bud tip, roughly one mitochondrion undergoes a retrograde movement out of the bud tip and one mitochondrion remains in the bud tip. In contrast, in mmr1D cells, the ratio of anterograde to retrograde mitochondrial movement in the bud is w50:50. Thus, Mmr1p is required for anchorage of mitochondria in the bud tip, and not for mitochondrial movement.
Mmr1p Can Associate with Mitochondria and ER and Localizes to Opposing Surfaces of Mitochondria and cER in the Bud Tip
The Protein families database (Pfam; http://pfam.sanger.ac. uk/) was used to search for Mmr1p homologs. Mmr1p is a member of the DSL1 family of proteins (PF08505; e value 3.0e2196). There are 18.5% amino acid identity and 27.2% conserved or semiconserved amino acid substitutions between Mmr1p and DSL1 ( Figure S3 ). The similarity between the proteins occurs over the entire sequence and is not limited to the predicted coiled-coil domain [19] near the N terminus of Dsl1p.
DSL1 and its mammalian homolog, syntaxin 18, are components of a multisubunit tethering complex (MTC) that links Golgi-derived COP-1 vesicles to ER during retrograde trafficking. ZW10, which links microtubules to the kinetochore, is also a DSL1 family protein [20] . Thus, Mmr1p has homology to tethering complex proteins. Indeed, previous studies revealed that mutation of Mmr1p in regions highly homologous to DSL1 results in defects in association of Mmr1p with mitochondria [14] . For example, residues 61-91 in Mmr1p, a region that is critical for association of Mmr1p with mitochondria, show 50% similarity to DSL1.
We tested whether Mmr1p localization is consistent with a role in tethering mitochondria to cER sheets in the bud tip. Previous studies indicate that Mmr1p localizes to the bud tip and to mitochondria in the bud [14, 18] . With the improved resolution of SIM, we find Mmr1p on opposing faces of mitochondria and cER sheets in the bud tip ( Figures 3A and 3B) . Moreover, Mmr1p is recovered with mitochondria and ER by subcellular fractionation ( Figure 3C ). Because there are no detectable mitochondrial marker proteins in the ER fraction, Mmr1p in the ER fraction is not due to mitochondrial contamination. Thus, Mmr1p has the capacity to associate with both mitochondria and cER and does so at sites where mitochondria are anchored to cER in the bud tip.
Deletion of PTC1 Results in Mislocalization of Mmr1p and Defects in Accumulation of Mitochondria in the Bud Tip
Ptc1p is a type 2C serine/threonine protein phosphatase that is activated by two mitogen-activated protein kinase (MAPK) pathways [21] [22] [23] . It has been implicated in the inheritance of mitochondria, vacuoles, peroxisomes, and ER, and in the distribution of secretory vesicles and mRNA [24] [25] [26] . Deletion of PTC1 also results in failure to localize Myo2p to the bud tip and a reduction in the steady-state levels of Vac17p and Inp2p, proteins that link vacuoles and peroxisomes to Myo2p [26] .
Because Mmr1p is a phosphoprotein [27] ( Figure S4 ), we tested whether Ptc1p affects Mmr1p phosphorylation, localization, and function. We confirmed that deletion of PTC1 results in a 50% reduction in Mmr1p levels and that Mmr1p is a phosphoprotein ( Figure S4 ). 2D gel analysis also revealed that deletion of PTC1 results in increased phosphorylation of Mmr1p ( Figure 4A ). Thus, Ptc1p either directly or indirectly regulates Mmr1p phosphorylation.
Deletion of PTC1 results in mislocalization of Mmr1p to punctate structures throughout mother cells and buds in ptc1D cells ( Figure 4B ). It also results in decreased association of Mmr1p with mitochondria, as assessed by visual analysis of Mmr1p in ptc1D cells and recovery of Mmr1p with mitochondria by subcellular fractionation (Figures 4B and 4C) . Interestingly, deletion of PTC1 also results in increased association of Mmr1p with ER, as assessed by recovery of Mmr1p with ER upon subcellular fractionation ( Figure 4C) .
Deletion of PTC1, like deletion of MMR1, does not reduce the velocity of anterograde or retrograde mitochondrial movement ( Figure 4D ). Indeed, there is a 40% increase in the velocity of anterograde mitochondrial movement. Because deletion of PTC1 impairs the targeting of Myo2p to various cargos [26] , it is possible that the reduced density of Myo2p cargos on actin cables in ptc1D cells allows mitochondria a less restricted path for movement. Equally important, deletion of PTC1 results in defects in mitochondrial distribution that are similar to those observed in mmr1D cells: a decrease in accumulation of mitochondria in the bud tip and an increase in accumulation of mitochondria in the distal tip of the mother cell ( Figure 4E ; Figure S4 ).
These findings provide additional evidence that Mmr1p functions in the bud tip and has the capacity to bind to both mitochondria and ER. Moreover, it supports the model that PTC1-regulated phosphorylation of Mmr1p affects its localization to the bud tip and its association with ER and (B) Volume rendering of SIM images of Sec63p-GFP-labeled ER and myc-tagged Mmr1p (red) (RMY016). Asterisk indicates bud tip. Localization of Mmr1p in the cER sheet in the bud tip is not evident in the en face view. However, a punctate Mmr1p-containing structure that colocalizes with the medial surface of cER in the bud tip is evident when slices from the bud tip are rotated, revealing the medial surface of the cER sheet. Scale bar represents 1 mm. (C) Recovery of Mmr1p-GFP and mitochondrial (porin) and ER (Sec61p) marker proteins in subcellular fractions that are enriched in mitochondria (mito) and ER in WT cells with GFP-tagged Mmr1p (TSY4), assessed using western blots and antibodies against porin, Sec61p, and GFP. Mmr1p is recovered in the mitochondria fraction and in the ER fraction that has no detectable mitochondrial marker protein. mitochondria, potentially to promote binding of mitochondria with ER in the bud tip, and not in other areas in the cell.
A Model for Anchorage of Mitochondria in the Bud Tip in S. cerevisiae We propose a model for Mmr1p localization and function that accounts for findings from all studies on Mmr1p and Myo2p. According to this model, Mmr1p localizes to punctate structures that undergo actin-, Myo2p-, and Ptc1p-dependent localization to the bud. The movement of Mmr1p in living yeast cells has not been assessed. However, because Myo2p is a motor that drives cargo movement along actin cables in budding yeast, binds directly to Mmr1p, and is required for localization of Mmr1p to the bud tip but is not required for normal velocities of mitochondrial movement, we favor the hypothesis that Myo2p plays a major role in mitochondrial distribution as a motor for Mmr1p movement to the bud tip.
Mmr1p in the bud tip mediates binding of mitochondria to cER sheets. This process is also regulated by Ptc1p. Because Mmr1p localizes to opposing surfaces on mitochondria and cER sheets in the bud tip, is recovered with isolated mitochondria and ER, and must be localized to the bud tip for anchorage of mitochondria at that site, Mmr1p has a direct role in binding of mitochondria to cER sheets, which leads to anchorage of mitochondria in the bud tip. Mmr1p is not required for conversion of phosphatidylethanolamine to phosphatidylserine (data not shown). Thus, it is likely that Mmr1p mediates a specific mitochondria-cER interaction that leads to anchorage of mitochondria in the bud tip, and not a general mitochondria-ER interaction that is required for phospholipid biosynthesis.
Overall, these studies indicate that cytoskeletal function and organelle interactions contribute to mitochondrial inheritance through mechanisms more complex than previously appreciated. The cytoskeleton is required for movement of mitochondria and factors that mediate bud tip anchorage of mitochondria from mother cell to bud. Previous studies revealed a role for mitochondrial-ER interactions in phospholipid biosynthesis and calcium buffering. Our study reveals a new role for mitochondrial-ER interactions in anchorage of mitochondria in the yeast bud tip. Finally, proteins have been implicated in linking mitochondria to ER, including Mitofusin 2 in mammalian cells [28] and the ERMES/mitochore protein complex (Mdm10p, Mmm1p, Mdm12p, and Mdm34p) in yeast [29] . Interestingly, Mdm10p is also involved in mitochondrial protein import, morphology, motility, inheritance, DNA maintenance, and bud tip accumulation [29] [30] [31] [32] . Our study reveals a role for Mmr1p mitochondrial-ER interactions in the yeast bud tip. Because Mmr1p is part of the DSL1 family of tethering proteins, similar processes may contribute to accumulation of mitochondria at sites of polarized cell growth in neurons and cells of the immune system.
Experimental Procedures
Analysis of mitochondrial motility and quantitation of the fluorescence of GFP-labeled mitochondria were carried out as described previously [33] and as detailed in the Supplemental Experimental Procedures.
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